Despite recent advances in therapy, chronic lymphocytic leukaemia (CLL) remains incurable and new treatment strategies are therefore urgently required. Inhibitor of apoptosis proteins (IAPs) are over-expressed in CLL, suggesting both a role in disease pathogenesis and the potential for therapeutic targeting. To explore these questions, we evaluated the effects on primary CLL cells of AZD5582, a novel potent and selective inhibitor of IAPs. AZD5582 at nanomolar concentrations induced extensive degradation of cIAP-1 and cIAP-2, but minimally of X chromosome-linked IAP (XIAP). However, these effects of AZD5582 produced little or no direct cytotoxicity, nor did they sensitize CLL cells to p53-dependent killing by fludarabine or p53-independent killing by dexamethasone. In contrast, AZD5582 significantly enhanced apoptosis induced by the death receptor (DR) agonist tumour necrosis factor-related apoptosisinducing ligand (TRAIL). Importantly, killing by TRAIL plus AZD5582 was independent of adverse prognostic features including TP53 deletion which is strongly associated with chemoresistance in CLL. Coculture experiments involving transfected mouse fibroblasts expressing human CD40L (CD154) to mimic the effect of T cells at sites of tissue involvement showed that CD40 stimulation almost completely prevented the killing of CLL cells by TRAIL plus AZD5582 despite up-regulating TRAIL receptors 1 and 2. In conclusion, our findings confirm the rate-limiting, upstream involvement of IAPs in the extrinsic but not intrinsic apoptotic pathway of CLL cells and suggest that drug combinations that simultaneously activate DRs and inhibit IAPs may have therapeutic potential in patients with CLL who have failed T-cell-depleting chemotherapy.
Introduction
Chronic lymphocytic leukaemia (CLL) is the most common form of adult leukaemia in Western countries. Despite recent therapeutic advances involving purine analogues and monoclonal antibodies (Hallek et al. 2010) , the disease remains incurable, with most patients requiring repeated treatment episodes and developing progressive drug resistance (Zenz et al. 2010 ). Developing new treatments for patients who have exhausted conventional ones is therefore a major priority.
Increased expression of inhibitor of apoptosis proteins (IAPs) has been implicated in the pathogenesis of many human cancers including leukaemia/lymphoma (Tamm et al. 2000; Kitada et al. 2002) , and targeting IAPs has thus become an attractive strategy for the development of novel therapy (Schimmer and Dalili 2005; Fulda 2007 ). IAPs are endogenous inhibitors of caspases, a family of cysteine proteases that act as death effector molecules to bring about the biochemical and morphological changes characteristic of apoptosis (Salvesen and Duckett 2002) . The mammalian IAP family consists of eight members including cIAP-1, cIAP-2 and X chromosome-linked IAP (XIAP). All IAPs contain at least one BIR (baculovirus inhibitor of apoptosis repeat) domain, which is made up of approximately 70 amino acids that are essential for protein-protein interaction (Srinivasula and Ashwell 2008; Mace et al. 2010 ). In addition, some IAPs also contain CARD (caspase activation and recruitment domain) and RING (really interesting new gene) domains. The RING domain can function as an E3 ligase and mediate the addition of ubiquitin to target proteins (Vaux and Silke 2005) . For example, XIAP contains three BIR domains and a C-terminal RING domain (Eckelman et al. 2006) . The BIR2 and BIR3 domains of XIAP mediate inhibition of caspase-3/-7 and caspase-9, respectively, whereas its RING domain is responsible for the ubiquitination and degradation of substrates such as caspases and SMAC (second mitochondrial activator of caspases) (Eckelman et al. 2006; Mace et al. 2010 ). More recently, accumulating evidence indicates that IAPs are also critically involved in regulating innate and adaptive immunity through modulation of signal transduction pathways involving NF-jB signalling, cytokine production and lymphocyte survival (Gyrd-Hansen and Meier 2010; Beug et al. 2012) .
The role of IAPs in CLL is incompletely understood. Early studies have reported increased levels of cIAP-1, cIAP-2 and XIAP transcripts (Munzert et al. 2002; de Graaf et al. 2005) , and up-regulation of the cIAP-1 transcript was associated with resistance to apoptosis following ex-vivo exposure of CLL cells to ionizing irradiation (Vallat et al. 2003) . Increased expression of IAPs in CLL has also been reported at the protein level Schliep et al. 2004; Silva et al. 2006) . A recent study has shown that resistance to apoptosis resulting from constitutive activation of Notch signalling in CLL cells is accompanied by increased NF-jB activity and expression of cIAP-2 and XIAP (Rosati et al. 2009 ). However, how Notch signalling might regulate NF-jB activity and IAP expression in CLL cells remain unclear.
Several previous studies have investigated the therapeutic potential of targeting IAPs in CLL. Two main approaches have been used to lower IAP activity: antisense oligonucleotides or small interfering RNA (siRNA) and small molecule inhibitors (Schimmer 2004; Fulda 2007) . The latter are also known as SMAC mimetics as they mimic the dual action of SMAC in relieving IAP-mediated suppression of caspases and inducing auto-ubiquitination of IAPs by selectively binding to the corresponding BIR domains (Li et al. 2004; Schimmer et al. 2004) . Polyphenylurea-based small molecule inhibitors selectively targeting the BIR2 domain of XIAP have been shown to reduce the viability of un-stimulated CLL cells ) and sensitize CD40-activated CLL cells to Fas-induced apoptosis ). More recent studies have shown that siRNA targeting of XIAP or small molecule inhibitors targeting the BIR3 domain of XIAP can sensitize primary CLL cells to TRAIL-induced apoptosis, albeit not in all cases (Loeder et al. 2009; Frenzel et al. 2011) .
Although these studies provide some insight into the therapeutic potential of IAP inhibition in CLL, most of them did not take into account the modulating effect of the leukaemic micro-environment. Consequently, the true in-vivo potential of IAP inhibition as a potential therapeutic strategy for CLL remains unclear. Following on from these considerations, we sought to further explore the therapeutic potential of IAP inhibition in CLL, taking into account the microenvironment. We found that AZD5582, a highly potent and selective IAP inhibitor (Hennessy et al. 2013) , sensitized CLL cells to killing by TRAIL but not fludarabine or dexamethasone under standard conditions. However, the cytotoxicity of AZD5582 plus TRAIL was almost completely abrogated when CLL cells were cocultured with transfected fibroblasts expressing CD40L to mimic CD40 stimulation by normal T cells at sites of tissue involvement.
Materials and Methods

Chemicals, antibodies and other reagents
The novel IAP inhibitor AZD5582 was provided by AstraZeneca (London, UK). Fludarabine and dexamethasone were obtained from Sigma-Aldrich (Gillingham, UK). Soluble recombinant human TRAIL was purchased from Enzo Life Sciences (Exeter, UK). Mouse monoclonal antibodies against XIAP (clone 48/hILP/XIAP) and cIAP-2 (clone F30-2285,) were obtained from BD Biosciences (Oxford, UK). Goat antibody to cIAP-1 was from R&D Systems (Minneapolis, MN). Rabbit antibodies against cFLIP, Bcl-2 and Bcl-xL were from Cell Signalling Technology (New England Biolabs, Herts, UK). Rabbit antibody to Mcl-1 was from Santa Cruz Biotechnology (Insight Biotechnology, Middlesex, UK). Mouse monoclonal antibody to b-actin (clone AC-74) was from SigmaAldrich. Other chemicals, unless otherwise stated, were also obtained from Sigma-Aldrich.
CLL samples
Peripheral blood samples from CLL patients were obtained with informed consent. The clinical details of the patients used for this study are given in Table 1 . CLL cells were isolated by centrifugation of blood over Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) and stored in liquid nitrogen prior to use. After thawing, the cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated foetal bovine serum, 2 mmol/L Lglutamine, 100 U/mL penicillin and 100 lg/mL streptomycin (Life Sciences, Paisley, UK).
Coculture of CLL cells with CD154-transfected cells
Stably transfected mouse fibroblasts expressing human CD154 (CD40L) and empty-plasmid transfected control fibroblasts (both kindly provided by Prof. Gerald Cohen at University of Leicester, UK) were maintained as described (Vogler et al. 2009 ). For CD40 stimulation, CLL cells were seeded on an adherent monolayer of fibroblasts expressing CD154 or control fibroblasts at a ratio of 10:1 and cultured at 37°C for an appropriate period of time. To determine the effect of CD40 ligation on killing induced by fludarabine, dexamethasone or the IAP inhibitor, CLL cells were cocultured for 48h with the CD154-expressing or control fibroblasts in the presence or absence of the above drugs before harvesting. To determine the effect of IAP inhibition on CD40-stimulated CLL cells to TRAIL-induced apoptosis, CLL cells were cocultured with the CD154-expressing or control fibroblasts for 48h in the presence or absence of AZD5582. The CLL cells were then gently removed from the respective adherent monolayers, resuspended in fresh culture medium and co-incubated under standard conditions with different concentrations of recombinant human TRAIL.
Flow cytometric analysis of cell death CLL cells were incubated in multiwell plates at a density of 4 9 10 6 cells/mL in the presence or absence of indicated reagents. At the end of the treatment period, druginduced killing was measured using a flow cytometry method employing dual staining with FITC labelled annexin-V and propidium iodide as described (Zhuang et al. 2010) . Cell death was defined as phosphatidylserine exposure on the cell surface detected by annexin-V staining. Aliquots of cells from the same experiment were analysed by Western blotting for protein expression. 
Western blotting analysis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting were performed essentially as described (Zhuang et al. 2010) . Briefly, cellular proteins were separated on an SDS-polyacrylamide gel and transferred to Immobilon-P polyvinilidene difluoride membranes (Millipore Corporation, Bedford, MA), which were probed with the appropriate primary antibodies. Immunoreactivity was detected with the relevant HRPlabelled secondary antibodies (Santa Cruz Biotechnology), which in turn were visualized on an Image Reader LAS-1000 (Fujifilm, Tokyo, Japan) using an enhanced chemiluminescence kit (GE Healthcare Life Sciences, Buckinghamshire, UK). For quantification of the signals, the images were further analysed on the same instrument using 2D Densitometry Aida Image Analyzer software (Fujifilm).
Flow cytometric analysis of TRAIL receptors in CLL cells
Detection of cell surface expression of TRAIL receptors by flow cytometry was performed essentially as described (Harper and MacFarlane 2008) . Briefly, at the end of the incubation period, 1 9 10 6 cells were collected by centrifugation and resuspended in 1 mL of ice-cold fresh medium with all subsequent steps performed with the cells kept on ice or at 4°C. 250 lL of cell suspension was aliquoted into each of four individual flow cytometry tubes and centrifuged again. The cells were then resuspended in 100 lL of phosphate-buffered saline (PBS) containing 0.3% bovine serum albumin (BSA). 5 lL of phycoerythrin (PE)-conjugated anti-TRAIL-R1, anti-TRAIL-R2 or isotype-matched control antibody (all obtained from eBiosciences, San Diego, CA) was added to the appropriate tubes. Cells in the remaining fourth tube with no added antibody were used as a negative control. Cells were incubated on ice for 1h in the dark and then washed three times with PBS before analysis by flow cytometry using excitation and emission wavelengths of 488 and 575 nm, respectively.
Results
AZD5582 is a potent inhibitor of IAPs in CLL cells
The characterization of the small molecule SMAC mimetic, AZD5582, has recently been described and biochemical studies showed that the molecule bound potently to the BIR3 domains of cIAP1, cIAP2 and XIAP (Hennessy et al. 2013 ). Our initial dose-response and time-course experiments indicated that incubation of CLL cells or breast cancer cells with AZD5582 at a concentration of 0.1 nmol/L resulted in a significant loss of cIAP-2 as early as 4h after treatment (Fig. S1 ). Exposure of 14 individual CLL samples to AZD5582 at 1 nmol/L for 48 h produced almost complete degradation of cIAP-1 and cIAP-2 in all samples studied, but with more variable loss of XIAP (Fig. 1A) . Pooled analysis of densitometric signals corresponding to individual IAPs showed an average reduction in levels of XIAP, cIAP-1 and cIAP-2 of approximately 50%, 90% and 80%, respectively (Fig. 1B) . These observations therefore confirmed that AZD5582 is highly potent at targeting IAPs for degradation in CLL cells and identified 1 nmol/L as a drug concentration that achieves near-maximal inhibition.
AZD5582 is not cytotoxic to CLL cells cultured under standard conditions
Having established the biological activity of AZD5582 in CLL cells, we next performed dose-response and time-course experiments to determine whether the IAP inhibitor could kill CLL cells cultured under standard conditions. As shown in Figure 1C , incubation of CLL cells with 1 nmol/L AZD5582 for 24 and 48 h did not significantly reduce their viability. Even when applied at a 1000-fold higher concentration, AZD5582 induced only a modest amount of killing at both 24 and 48 h time points (Fig. 1C) . These results indicate that AZD5582 is not cytotoxic to CLL cells at concentrations that induce significant IAP degradation.
AZD5582 does not sensitize CLL cells to killing by fludarabine or dexamethasone
We next investigated the possibility that AZD5582, although not cytotoxic on its own, may sensitize CLL cells to killing by clinically relevant drugs that activate the intrinsic death pathway by p53-dependent (fludarabine) and p53-independent (dexamethasone) mechanisms (Melarangi et al. 2012) . First, CLL cells were co-incubated for 48 h with either AZD5583 (1 nmol/L) and/or fludarabine at different concentrations. As shown in Figure 2A , AZD5582 did not sensitize CLL cells to killing by fludarabine in any of the cases examined despite inducing degradation of IAPs in these cells ( Fig. 2A, inset) . To further test the possibility that higher concentrations of AZD5582 might be needed for the sensitization effect to occur, the experiment was repeated using AZD5582 at 10 and 100 nmol/L. However, no sensitization was observed (Fig. 2B ) despite extensive degradation of IAPs (Fig. 2C) . Although one of the CLL samples (#2968) showed some sensitivity to AZD5582 treatment at 100 nmol/L, this did Figure 1 . AZD5582 is a potent inhibitor of IAP proteins in CLL cells, but is not directly cytotoxic. (A) Primary CLL cells were incubated with 1 nmol/L AZD5582 for 48 h and then examined for levels of IAP proteins by Western blotting. b-actin was used as a loading control for densitometric analysis. The numbers under the lanes refer to the ratio of the respective IAP protein relative to b-actin, normalised to that of untreated cells in each sample. (B) Pooled quantitative analysis of the effect of AZD5582 on levels of XIAP, cIAP-1 and cIAP-2 in CLL cells as described in (A). In this and subsequent statistical analyses, a two-tailed t-test was performed to determine the statistical significance of the difference between the two groups of data (mean AE SD). (C) CLL cells were incubated with AZD5582 at the indicated concentrations for 24 and 48 h. Cell death was measured by flow cytometry following dual staining with FITC-conjugated annexin V and PI. The percentage of drug-induced cell death was calculated as: 100 9 [(% cell death of drug-treated cells À % cell death of untreated cells)/(100 À % cell death of untreated cells)]. Each data point in the graph represents the mean AE SD of independent experiments using primary CLL cells from at least three patients. ( Fig. 2B) . We also investigated the ability of AZD5582 to sensitize CLL cells to p53-independent killing by dexamethasone. As shown in Figure 2D , no such sensitization was observed. Taken together, these results indicate that AZD5582 at the concentration that induced significant degradation of IAPs does not sensitize CLL cells to drugs that activate the intrinsic death pathway.
AZD5582 sensitizes CLL cells to killing by TRAIL
Previous studies have shown that certain IAP inhibitors can sensitize CLL cells to apoptosis induced by agents that activate the extrinsic death pathway via cell-surface death receptors (DR) such as CD95 and tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) Loeder et al. 2009 ). We therefore sought to establish whether AZD5582 exhibited a similar effect. To address this question, CLL cells were incubated with AZD5582 and/or human recombinant TRAIL which engages DR4 (TRAIL-R1) and DR5 (TRAIL-R2). As shown in Figure 3A , treatment with TRAIL alone produced minor increases in cytotoxicity over baseline apoptosis detected in untreated cells, particularly at the higher concentration of 500 ng/mL. However, the addition of AZD5582 to TRAIL produced significantly more cytotoxicity compared to that induced by TRAIL alone. Additional experiments using CLL samples with known cytogenetic defects including 17p or 11q deletion showed that AZD5582 was still able to increase TRAIL-induced apoptosis in these cells regardless of the presence of these adverse features (Fig. 3B) . Further analysis showed that there was no correlation between the AZD5582-induced reduction in levels of individual IAPs and the amount of killing observed (Fig. S2 ). This suggests that IAPs function collectively rather than individually to oppose activation of the extrinsic death pathway. It is widely accepted that the survival of CLL cells in vivo is strongly influenced by interactions with the leukaemic microenvironment and that one of the most important interactions involves stimulation of CD40 on CLL cells by CD154 on T cells, which initiates a potent signalling cascade that activates NF-jB (Furman et al. 2000; Granziero et al. 2001) . Since IAPs are established transcriptional targets of NF-jB (Chu et al. 1997; Stehlik et al. 1998; Wang et al. 1998) , we sought to establish to what extent these proteins contribute to the cytoprotective effect of CD40 stimulation and whether AZD5582 can block the protective effect of CD40 stimulation. To this end, CLL cells were cocultured with transfected mouse fibroblasts expressing human CD154, an established in-vitro model that mimics CD40 stimulation by T cells in the tissue microenvironment. Empty-plasmid transfected fibroblasts were used as a control. In agreement with previous reports (Kitada et al. 1999; Kater et al. 2004 ), CD40 stimulation protected CLL cells from spontaneous apoptosis and killing induced by either fludarabine or dexamethasone (Fig. S3A ). As expected (Kater et al. 2004; Vogler et al. 2009 ), this protective effect was associated with increased levels of anti-apoptotic Bcl-2 family proteins such as Bcl-xL and Mcl-1 (Fig. S3B ) and IAP proteins (Fig. 4A , compare lane 7 to lane 1). Importantly, AZD5582 retained its ability to degrade IAP proteins in CD40-stimulated CLL cells (Fig. 4A, lanes 8, 11 and 12) . However, the inhibitor had little or no effect on the viability of these cells, nor did it sensitize them to killing by fludarabine or dexamethasone (Fig. 4B ). This suggests that the protective effect of CD40 stimulation is not mediated by IAPs.
CD40 stimulation protects CLL cells from killing by TRAIL plus AZD5582
Stimulation of CLL cells with membrane-bound CD154 has been shown to increase the expression of DRs including CD95 (Chu et al. 2002; Kater et al. 2005 ) and TRAIL-R2 (DR5) ) and also to enhance apoptosis induced by membrane-bound TRAIL ). We therefore postulated that CD40 stimulation might sensitize CLL cells to killing by TRAIL plus AZD5582. We first sought to confirm that CD40 stimulation up-regulates surface expression of TRAIL receptors 1 and 2 (DR4 and DR5, respectively). As shown in Figure 5A , unstimulated CLL cells expressed low but detectable levels of DR4 and DR5 (upper panel). Expression of both DRs was increased when CLL cells were cocultured with control fibroblasts and further increased by CD40 stimulation (Fig. 5A , lower panels, left). Treatment with AZD5582 did not significantly alter the expression of DR4 and DR5 in CLL cells cocultured with the control or CD154-expressing fibroblasts (Fig. 5A , lower panels, right). Further analysis showed that the up-regulation of DR4 and DR5 following CD40 stimulation was statistically significant (Fig. 5B) . Together, these observations indicate that CD40 stimulation increases the surface expression of TRAIL receptors 1 and 2 via IAP-independent mechanisms. We next investigated the effect of CD40 stimulation on the killing of CLL cells by TRAIL plus AZD5582. As Figure 1A . A representative set of blots from three CLL samples examined is shown. The numbers under the lanes refer to the ratio of the respective IAP proteins relative to b-actin, which are normalized to that of untreated cells cocultured with control fibroblasts in each sample. (B) CLL cells were cocultured with control or CD154-transfected fibroblasts for 48 h in the presence of AZD5582 (100 nmol/L) and/or fludarabine (Flud) (10 lmol/L) or dexamethasone (Dex) (100 nmol/L) and analysed for apoptosis as described in Figure 1C . shown in Figure 5C , TRAIL or AZD5582 alone produced little or no killing of CLL cells cocultured with control fibroblasts. However, the combination of TRAIL plus AZD5582 produced extensive killing, indicating a sensitization effect similar to that observed in CLL cells cultured under standard conditions (Fig. 3) . In contrast, no such killing was observed in CLL cells cocultured with CD154-expressing fibroblasts (Fig. 5C ). This observation indicates that CD40 stimulation strongly inhibits the killing of CLL cells via the extrinsic death pathway despite the increased surface expression of TRAIL receptors. We next considered the possible mechanism responsible for this blockade of the extrinsic death pathway induced by CD40 stimulation. We focused on FLICE (FADD-like IL-1b-converting enzyme)-inhibitory protein (cFLIP) since it is a known transcriptional target of NF-jB that binds to components of the extrinsic death pathway to prevent formation of the death-inducing signalling complex (DISC) (Yu and Shi 2008) . We speculated that the resistance of CD40-stimulated CLL cells to killing by TRAIL plus AZD5582 might be mediated by up-regulation of cFLIP. To investigate this possibility, levels of cFLIP protein were examined by Western blotting in CLL cells cultured under standard conditions and in contact with control or CD154-expressing fibroblasts. In keeping with our hypothesis, both long and short isoforms of cFLIP were greatly increased following CD40 stimulation (Fig. 5D ).
Discussion and Conclusions
This study was performed to improve our understanding of how IAPs regulate CLL-cell survival and at the same time explore the therapeutic potential of a novel SMAC mimetic inhibitor (AZD5582). In the first part of the study involving primary CLL cells cultured under standard conditions, we showed that AZD5582 was highly potent in inducing the degradation of IAPs. However, it did not induce apoptosis or sensitize CLL cells to killing by clinically relevant drugs that activate the intrinsic death pathway. We used fludarabine and dexamethasone as activators of the intrinsic death pathway as both drugs are in current clinical use in CLL and act via distinct upstream death signalling mechanisms. Fludarabine is a purine nucleoside analogue that has been used in the treatment of CLL since early 1990s; its cytotoxic effects are known to involve DNA damage and p53-dependent apoptosis (Pettitt et al. 1999; Rosenwald et al. 2004) . In contrast, dexamethasone in common with other glucocorticoids induces p53-independent apoptosis by binding to the glucocorticoid receptor and regulating gene expression (Pettitt et al. 1999; Melarangi et al. 2012 ). Both glucocorticoids and DNA-damaging agents induce apoptosis via the mitochondrial (intrinsic) death pathway since their cytotoxic effects require the presence of the BH3-only proteins BIM and/or PUMA (Erlacher et al. 2005; Happo et al. 2010) which are essential initiators of this pathway (Huang and Strasser 2000; Willis and Adams 2005; Giam et al. 2008 ).
In contrast with its effect on killing induced by fludarabine or dexamethasone, AZD5582 did sensitize CLL cells to apoptosis induced by TRAIL, which activates the extrinsic death pathway. Importantly, this sensitizing effect was observed in CLL samples displaying chromosomal defects associated with chemotherapy resistance. These findings suggest that IAPs play an important modulatory role in the extrinsic but not intrinsic death pathway of CLL cells and indicate the therapeutic potential of combining an IAP inhibitor such as AZD5582 with a DR agonist.
In the second part of the study, primary CLL cells were cocultured with fibroblasts expressing CD154 to mimic CD40 stimulation by nonmalignant T cells at sites of tissue involvement. Compared to CLL cells cocultured with control fibroblasts, CD40-stimulated CLL cells expressed increased levels of IAPs, underwent less spontaneous apoptosis and were more resistant to killing induced by fludarabine and dexamethasone. AZD5582 induced extensive degradation of IAPs under these conditions and completely abrogated the up-regulation of IAPs induced by CD40 stimulation. However, the inhibitor had little or no effect on spontaneous apoptosis or drug-induced killing. These observations confirm that CD40 stimulation protects CLL cells from apoptosis induced via the intrinsic death pathway and indicate that this protective effect is not mediated by IAPs or overcome by IAP inhibition. Finally, we showed that CD40 stimulation also protected CLL cells from killing by TRAIL plus AZD5582 despite up-regulating TRAIL receptors 1 and 2. This observation indicates that the IAP-independent protective effect of CD40 stimulation extends to the extrinsic death pathway and over-rides the sensitizing effect of IAP inhibition on this pathway. The prominent up-regulation of cFLIP observed in CD40-stimulated CLL cells provides a possible explanation for this functional blockade of the extrinsic death pathway, although other mechanisms cannot be excluded. In particular, a recent report suggested that the apoptosis of CLL cells induced by SMAC mimetics could be inhibited by CD40 stimulation via a mechanism involving aberrant upstream NF-jB signalling and failure of ripoptosome formation upon IAP degradation (Maas et al. 2013) .
Our pharmacodynamic studies confirmed that AZD5582 is a rapidly acting and highly potent inhibitor of IAPs which produces near-maximal degradation of IAPs in intact primary CLL cells at a concentration of only 1 nmol/L. Although SMAC mimetics were originally designed to target XIAP (Gyrd-Hansen and Meier 2010), we found that AZD5582 preferentially degrades cIAP-1 and cIAP-2. Thus, within the overall cohort of samples studied, XIAP, cIAP-1 and cIAP-2 levels were reduced by approximately 50%, 90% and 80%, respectively, following 48 h incubation with 1 nmol/L AZD5582. However, it is noteworthy that the inhibitory effects of AZD5582 varied considerably between individual cases ( Fig. 2A) . For example, in case #2808, 1 nM AZD5582 induced near complete degradation of cIAP-1 and cIAP-2 but had virtually no effect on XIAP. In contrast, the same concentration of inhibitor induced the selective loss of cIAP-1 in case #2441 and extensive degradation of all 3 IAPs in case #3035. The resistance of XIAP to AZD5582-induced degradation in some cases cannot be explained by doseresponse considerations since increasing the concentration of AZD5582 from 1 nmol/L to 100 nmol/L did not result in any additional degradation of XIAP (Fig. 2C) .
The functional effect of AZD5582 in sensitizing CLL cells to TRAIL-induced killing did not seem to depend on which IAPs were preferentially degraded ( Supplementary  Fig. 2 ), suggesting that IAPs function collectively rather than individually to oppose activation of the extrinsic death pathway. However, the overall level of IAP degradation did not always correspond with the amount of killing observed. For example, case #2968 was resistant to killing by TRAIL (100 ng/mL) plus AZD5582 (1 nmol/L) (Fig. 3B) despite the significant degradation of all 3 IAPs induced by AZD5582 in this case ( Fig. 2A) . This observation suggests that sensitivity to TRAIL-induced killing is, at least in some cases, modulated by factors other than IAP levels. Although it was beyond the scope of the present study to identify these factors, from a practical perspective, these considerations present major challengers for the development of the pharmacodynamic biomarkers required to optimize AZD5582 drug dosing and scheduling as part of combination regimens.
Since IAPs are endogenous inhibitors of caspases, the failure of IAP inhibition to sensitize CLL cells to killing by fludarabine and dexamethasone supports a view of caspases as downstream effectors in the mitochondrial (intrinsic) death pathway and suggests that the availability of caspases to perform this role is not rate limiting. In contrast, our observation that IAP inhibition sensitizes CLL cells to killing by TRAIL suggests that caspases play a major upstream role in the DR-mediated (extrinsic) apoptosis pathway and that under these circumstances their availability is rate limiting.
Our findings concerning the effect of CD40 stimulation were of particular interest. First, our demonstration that coculture of CLL cells with CD154-expressing fibroblasts increased levels of Bcl-xL, IAPs and FLIP is in agreement with previous studies (Kitada et al. 1999; Furman et al. 2000; Granziero et al. 2001; Kater et al. 2004; Vogler et al. 2009 ) and strongly implicates NF-jB activation as a major signalling event induced by CD40 stimulation (Figs. 4A, 5D and S3B). Second, although the prosurvival effects of NF-jB have been attributed to the transactivation of numerous prosurvival genes including IAPs (Chu et al. 1997; Stehlik et al. 1998; Wang et al. 1998) , our demonstration that AZD5582 failed to reverse the protective effects of CD40 stimulation appears to indicate that IAPs do not contribute in a significant way to the prosurvival effects of NF-jB activation in CLL cells.
However, the situation may be more complex in that recent studies have shown a role for cIAP-1 and cIAP-2 in regulating NF-jB function (Ghosh and Hayden 2008; Baud and Karin 2009; Gyrd-Hansen and Meier 2010) . Thus, in addition to being involved in activating the canonical NF-jB signalling pathway, cIAP-1 and cIAP-2 also inhibit the noncanonical pathway of NF-jB signalling by targeting NF-jB inducing kinase (NIK) for degradation (Varfolomeev et al. 2007; Vince et al. 2007 ). This latter effect is mediated by the function of cIAP1 and cIAP2 as E3 ubiquitin ligases for NIK. Since ubiquitylation of NIK results in its proteasomal degradation, loss of IAP proteins leads to the stabilization of NIK, activation of the noncanonical NF-jB signalling pathway and protection from apoptosis. The importance of this paradoxical, alternative function of IAPs in B lymphoproliferative disorders is highlighted by the fact that the E3 ubiquitin ligase RING domain of the gene encoding cIAP-2 (BIRC3) is disrupted by somatic mutations which occur in about 10% of patients with CLL and splenic marginal zone lymphoma and by the t(11;18) translocation that is characteristic of extranodal marginal zone lymphoma (Rossi et al. 2011 (Rossi et al. , 2012 . Following on from these considerations, it is possible that any pro-apoptotic or sensitizing effects of IAP inhibition in CD40-stimulated CLL cells could have been masked by a dominant prosurvival effect resulting from paradoxical activation of the noncanonical NF-jB signalling pathway.
Our demonstration that AZD5582 sensitizes CLL cells to TRAIL-induced killing under standard conditions is in agreement with previous reports (Loeder et al. 2009; Frenzel et al. 2011 ) and indicates the therapeutic potential of combining SMAC mimetics with a DR agonist. However, the potent inhibition of AZD5582/TRAIL-induced killing by CD40 stimulation suggests that this drug combination is unlikely to be effective at sites of tissue involvement where significant numbers of T cells are present. It is therefore important to consider the implications of our findings in the context of what is known about T cells in CLL and how they are affected by anti-CLL therapy. In patients with previously untreated CLL, 2014 | Vol. 2 | Iss. 6 | e00081 Page 10 T cells are abundant in the bone marrow and lymph nodes (Ghia et al. 2002; Patten et al. 2008) , suggesting that IAP inhibitor/DR agonist combination therapy is unlikely to be effective at these anatomical sites. However, several drugs currently employed in the treatment of CLL, most notably fludarabine and alemtuzumab, induce profound T-cell depletion as an unintended effect. In fact, the discrepancy between the established clinical effectiveness of fludarabine in CLL and its failure to kill CD40-stimulated CLL cells in vitro suggests that the drug's T-cell depleting properties may contribute to its therapeutic efficacy in vivo (Consoli et al. 1998; Beyer et al. 2005) . The possibility therefore arises that IAP inhibitor/DR antagonist combinations should display clinical efficacy in those patients whose tissues have been inadvertently depleted of T cells by prior therapy with fludarabine and/ or alemtuzumab.
Our study did not specifically address the question of whether IAP inhibition by AZD5582 could induce the apoptosis of CLL cells that were proliferating. However, the likely answer to this question can be inferred from three considerations. First, CLL cells can be induced to proliferate by coculture with CD40L-expressing fibroblasts (Hamilton et al. 2012) . Second, CD40 stimulation strongly promotes the survival of cultured CLL cells via activation NF-jB (Furman et al. 2000) and up-regulation of NF-jB target genes including Bcl-xL and c-FLIP (Kitada et al. 1999; Kater et al. 2004; Vogler et al. 2009 ). Third, in our study AZD5582 had little or no effect on the survival of CLL cells stimulated via CD40.
It is interesting to note that the role of IAPs in cell survival and proliferation -and consequently the effect of IAP inhibition -appears to vary with cell type. Thus, whereas inhibition of IAPs by AZD5582 reduced the viability of the human breast cancer cell line MDA-MB-231 and significantly reduced tumour growth in an MDA-MB-231 xenograft model, 166 of 200 cancer cell lines representing a variety of tumour types were insensitive to the antiproliferative effects of AZD5582 (Hennessy et al. 2013) . This observation illustrates the difficulty of making generalizations regarding the therapeutic potential of IAP inhibitors in cancer and instead justifies careful preclinical evaluation in specific malignancies as a prerequisite for clinical studies.
In conclusion, our study has explored the therapeutic potential of IAP inhibition in CLL and, in doing so, the role of IAPs in maintaining the survival of CLL cells under different conditions. Our findings support a ratelimiting, upstream role for IAPs (and by implication caspases) in the extrinsic death pathway and a non-ratelimiting, downstream role in the intrinsic death pathway. Furthermore, IAPs do not appear to mediate the cytoprotective effect of CD40 stimulation which blocks apoptosis induced via both the intrinsic and extrinsic death pathways. From a clinical perspective, our data suggest that IAP inhibitor/DR agonist combinations may have therapeutic potential in CLL but only in situations of T-cell depletion such as that induced by prior treatment with fludarabine or alemtuzumab.
blotting. b-actin was used as control for protein loading. The human breast cancer cell line MDA-MB-231 was used as a positive control as it has been shown that IAPs were extensively degraded by SMAC mimetic IAP inhibitor AZD5582 (Hennessy et al., 2013) . Figure S2 . Lack of correlation between levels of individual IAPs after AZD5582 treatment and sensitivity to TRAILinduced apoptosis. Primary CLL cells were co-incubated for 48 h with 1 nmol/L AZD5582 and recombinant human TRAIL (500 ng/mL) and cell death measured by flow cytometry. Pearson's correlation analysis was performed to determine the statistical significance of the correlation between the AZD5582-induced reduction in levels of XIAP, cIAP-1 and cIAP-2 and sensitivity to TRAIL-induced killing among the six cases examined. 
